Abstract: In order to investigate the formation mechanism of tunnel defect produced near the bottom of stir zone (SZ) in friction stir welding joint of Ti-6Al-4V titanium alloy, the temperature distribution during welding process was analyzed by numerical simulation and experiment. Results show that macrostructure morphology of SZ in cross section presents "bowl" shape owing to the characteristic of temperature distribution. Obvious temperature gradient appears along the thickness direction of joint. Decreasing rotational velocity reduces peak temperature and temperature gradient, which is beneficial to eliminate tunnel defect.
Introduction
Friction stir welding (FSW) is a solid-state joining technology and was patented by The Welding Institute in 1991 [1, 2] . FSW has the advantages of high joint strength, low distortion, no fusion welding defect, low power consumption and non-pollution. To date, FSW has rapidly developed into a commercially important process for joining of various alloys.
Ti-6Al-4V titanium alloy is characterized by high specific strength, good corrosion resistance and excellent comprehensive properties. Compared with fusion welding, FSW is a better choice to join titanium alloy owing to lower welding temperature [3] [4] [5] .
It is well-known that peak temperature of SZ during FSW process decides the microstructure characteristics of joint. Therefore, some researchers studied the welding temperature field in FSW of titanium alloy. Using the thermal pseudomechanical model established by Schmidt et al. [6] , Song et al. [7] investigated the influence of temperature on the evolution of the average dislocation density as well as the final grain size during FSW process of titanium alloy. A continuum-based finite element model (FEM) was proposed by Buffa et al. [8] and used to simulate the combined effect of temperature and strain of Ti-6Al-4V alloy FSW [9] . It can be derived from the reported papers that the temperature of top surface is higher than that of bottom surface [6] [7] [8] [9] . Compared to aluminum alloy, temperature difference between top and bottom surfaces of titanium alloy FSW joint is larger owing to the lower coefficient of thermal conductivity, which easily results in the nonuniform distribution of microstructure along the thickness of joint. In order to improve the heat input throughout the weld crosssection, stationary shoulder FSW has been already proposed by Russell et al. [10] from the viewpoint of rotational tool geometry optimization. The previous literatures have reported some important knowledge on FSW for titanium alloy. However, it is lack of systematic studies on the relationship between temperature gradient and inner defects in the joint of titanium alloy using traditional FSW methods.
In the present study, Ti-6Al-4V titanium alloy as a research object was friction stir welded at different rotational velocities, and the temperature field during FSW process was investigated by numerical simulation and experiment. Effects of temperature gradient and peak temperature on tunnel defects were discussed in detail.
Experimental and material
The materials used in this study were 2 mm thick millannealed Ti-6Al-4V titanium alloy plates with dimensions of 200 mm × 100 mm. FSW experiments were performed using a special welding system equipped with a tungsten-rhenium alloy tool composed of a 12-mm diameter shoulder and a 1.7-mm length pin. The diameters of pin top and bottom are 4 and 8 mm, respectively. Argon gas was used as shielding gas continuously to prevent the SZ and tool from oxidizing during the welding process. Butt welds were made along the interface between two plates and carried out at rotational velocities of 375, 350, 300 and 120 rpm and constant welding speed of 50 mm/min. The supporting back and press plates were made from steel. After welding, the transverse weld cross sections were cut by electrical discharge machining. The metallographic specimens were polished and then etched using Keller's reagent made up of 13 ml HF, 26 ml HNO 3 and 100 ml H 2 O. The etching time was 10 s. Macrostructure observation of joints was performed using optical microscopy (OM, Olympus GX71).
Finite element model
Compared with the experimental method, numerical simulation has several advantages. Visualization of temperature field can be easily obtained, which is helpful to achieve meaningful knowledge of Ti-6Al-4V titanium alloy during FSW process. In this study, finite element analysis software ABAQUS/Standard was utilized to understand the temperature field characteristics.
Mesh generation
In this work, in order to fully consider the effect of clamping device on the temperature distribution, the press and back plates have been created during simulation process, and a 3D solid model of FSW is shown in Figure 1 . The press and back plates are supposed to be analytical rigid and the welded plate is considered as a deformable body. The dimensions of plate in simulation are the same as those used in experiment. Eight-node hexahedral elements with coupled displacement and temperature are used to present Ti-6Al-4V welded plates, as shown in Figure 2 . The elements in and near the weld are fine in order to enhance the solution accuracy while the elements far away from the weld are relatively coarse in order to save the solution time. A number of 2,147 nodes and 2,086 elements are used to describe the welded plane.
Boundary conditions
The frictional heat was generated mainly by shoulder and pin during FSW process. The auto-adapting heat source model for numerical analysis was established by Li et al. [11] and considers that frictional heat mainly depends on yield strength of material and tool rotational velocity. Frictional heat generated between shoulder and welded plates can be written as
where Q S is shoulder heat input, R 0 is shoulder diameter, r 0 is pin diameter, R eL ðTÞ is yield strength and ω is angular speed. Frictional heat generated by pin can be written as
where Q P is pin heat input. During numerical simulation, heat input by shoulder is supposed to be surface heat flux with 12 mm diameter. Heat input by tool is simplified as a uniform volume heat flux with 6 mm diameter and 1.7 mm length. The heat flux can be attained by eq. (1) and eq. (2) and loaded into ABAQUS software through the subroutine.
The simulation of temperature field belongs to the transient thermal conductivity with complex nonlinear problem. The differential equation is described as follows: 
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where ρ is density, c is specific heat capacity, λ is the thermal conductivity coefficient, q is heat flux, t is time and T is temperature. From eq. (1), it can be known that heat input is closely related to yield strength of welded materials. The effects of temperature on thermal properties and yield strength of Ti-6Al-4V titanium alloy are both considered in simulation, as shown in Figure 3 . The initial temperature of welded plates was supposed to be room temperature (20°C). Since the density of material is nearly fixed as temperature changing, the density is set to a constant value of 4,450 kg/m 3 . The thermal conductivity on various surfaces of the welded plate plays an important role in temperature fields. Figure 4 shows the schematic diagram of thermal conductivity applied on the model between the welded plate and surroundings. During the simulation process, the heat loss produced by press and back plates is considered and the constant value of 100 W/(m 2°C ) is used to describe contact conductivity. For all exposed surfaces, the uniform thermal radiation coefficient and convection coefficient between welded plates and surroundings are respectively set to 0.75 and 50 W/(m 2°C ) in this paper.
Results and discussions Temperature and experimental verification
Temperature distribution of joint at the rotational velocity of 375 rpm is shown in Figure 5 . During FSW process, the material at the rear of the tool experiences frictional heat caused by the direct effect of the tool and subsequent thermal conductivity. The material in front of the tool only experiences thermal conductivity. Therefore, the temperature gradient at the rear of the tool is far less than that in front of the tool ( Figure 5 ). Since the shoulder diameter is bigger than the pin diameter, the area of high temperature near the top surface is wider than that near the bottom surface. Meanwhile, the bottom surface of plate owns relatively higher convection coefficient compared with the top surface. Those two reasons lead to the temperature distribution in the A-A ( section perpendicular to the weld direction presenting "bowl" shape, as shown in Figure 6 .
In order to verify the validity of temperature field by numerical simulation, NiCr/NiSi thermocouples are used to perform temperature measurement experiment, and the schematic of measuring points is illustrated in Figure 7 .
The base material (BM) has an initial microstructure characterized by elongated primary α and transformed β, as shown in Figure 8 . The white and gray regions in the OM image represent primary α and transformed β phases, respectively. During FSW, the material along the thickness direction experiences diverse thermal cycle due to lower thermal conductivity coefficient of Ti-6Al-4V alloy, which results in different microstructure characteristics. Figure 9 shows the microstructure along the thickness direction at the rotational velocity of 375 rpm. The formation of lamellar microstructure near the joint top surface suggests that the peak temperature is higher than β transus temperature. The results are verified by the temperature distribution of joint in Figure 6 . The α + β → β transformation takes place when the peak temperature is higher than β transus temperature at the heating stage. The β → α + β transformation occurs at the cooling stage, resulting in lamellar α + β microstructure due to the relatively high cooling rate. Therefore, the lamellar microstructure is developed in Figure 9 (a) and (b). Similar results have also been observed by Ramirez et al. [12] and Mironov et al. [5, 13] . As the distance away from the joint surface becomes longer, peak temperature gradually decreases to a smaller value, which is below β transus temperature ( Figure 6 ). Hence, the microstructure in Figure 9 (c) and (d) only consists of primary α and transformed β phases, which was also reported by Pilchak et al. [14, 15] and Zhou et al. [16] . However, compared with BM, the microstructure in Figure 9 (c) and (d) is significantly refined because of dynamic recrystallization. Therefore, the microstructure in the present study can verify the rightness of temperature field by simulation. Figure 10 shows the comparison of the thermal cycle at the rotational velocity of 300 rpm between simulation and experiment results. It can be seen from Figure 10 that the temperature history curves by simulation are the same as those by experiment. During FSW process, the material in SZ undergoes heating and cooling stage. Temperature of material in SZ rapidly rises at the heating stage while temperature drops quickly at the initial cooling stage and slowly at the later cooling stage. In the experimental process, argon gas synchronously moves along with rotational tool and rapidly cools weld and nearby, which can be considered as strong convection. The region far away from the weld experiences slowly heat loss owing to the weak heat convection. In order to simplify the simulation process, the heat convection coefficient under strong heat convection is applied to the whole weld. Therefore, the difference of temperature between simulation and experiment is relatively large at the later cooling stage (Figure 10 simulation. The deviations of points 1 and 2 are 3.1 % and 0.67 %, respectively. Therefore, the rationality of simulation results can be verified by the experimental results and the temperature field during FSW process can be described perfectly by the FEM established in this study.
Temperature history curves of top and bottom surfaces under different rotational velocities are illustrated in Figure 11 . It can be seen that the temperature of weld firstly increases and then decreases and the maximum value can be achieved when the rotational tool reaches the researched point. Compared with the bottom surface, the peak temperature of the top surface is higher, which results from the differences of heat flux and heat loss mentioned above. Under the constant welding speed, the peak temperature is mainly decided by the rotational velocity of the tool. Generally speaking, increasing rotational velocity is beneficial to attain higher peak temperature [16, 17] . In this study, when the rotational velocity increases from 120 to 375 rpm, the peak temperature of top and bottom surface increases from 822.1 to 1,091.2°C, 741.6 to 987.4°C, respectively.
Macrostructure of the joints
Macrographs in cross section of FSW joints under different rotational velocities are shown in Figure 12 . It can be observed that the joints are all made up of three distinct zones: SZ, heat affected zone and BM. The SZ exhibits a "bowl" shape significantly widening toward the upper surface, which is mainly related to the temperature distribution ( Figure 6 ). When the rotational velocities vary from 375 to 300 rpm, large tunnel defect appears in SZ. The similar phenomenon was also reported by Mironov et al. [18] . Decreasing rotational velocity is propitious to reduce the size of tunnel defect (Figure 12(c) ). The defectfree joint is produced at the rotational velocity of 120 rpm (Figure 12(d) ). However, Buffa et al. [9] found that the size of defect at the bottom of Ti-6Al-4V alloy FSW lap joint decreases with the increase of rotational velocity, which is different from the experimental phenomenon in this study. This may result from the different of joint type and tool geometry. So far, there is no detailed analysis about the defect which is just thought to be associated with the relatively low tool rotational velocity. In this study, the tunnel defect is thought to be mainly related to the tensile residual stress of joint. Frictional heat causes the localized expansion of weld. However, the surrounding metal with low temperature restrains the expansion of weld, producing welding compressive stress at the heating stage of FSW. At the cooling stage, the surrounding metal of weld restrains the shrinkage of weld, making tensile residual stress produced. The lower peak temperature during the welding process is beneficial to reduce tensile residual stress. For FSW joint of titanium alloy, the tensile residual stress in SZ appears along the thickness direction because of the different magnitudes of shrinkage caused by temperature gradient between the top surface and the bottom surface. Compared with aluminum alloy, the thermal conductivity coefficient of Ti-6Al-4V titanium alloy is relatively lower, so the obvious temperature difference appears along the thickness direction (Figure 11 ). Effect of rotational velocities on the temperature difference between the top surface and the bottom surface is shown in Figure 13 . It can be concluded that decreasing rotational velocity makes the temperature difference decrease. With the increase of rotational velocities varied from 120 to 375 rpm, the temperature difference increases from 80.5 to 103.8°C. Soul et al. [19] reported that the rate of welding stress change is proportional to the temperature gradient. The bigger temperature gradient easily produces higher tensile residual stress in weld [20, 21] . Therefore, the joint with lower peak temperature and temperature gradient under lower rotational velocity easily owns lower tensile residual stress. When the tensile residual stress at temperature is higher than the yield stress of Ti-6Al-4V titanium alloy, the material is torn and the tunnel defect may appear (Figure 12(a)-(c) ). Meanwhile, the defect-free joint of Ti-6Al-4V titanium alloy is attained under the rotational velocity of 120 rpm due to the lowest peak temperature and smallest temperature gradient in this study (Figure 12(d) ).
Conclusions
Choosing Ti-6Al-4V titanium alloy as the research object, the effect of rotational velocity on formation of FSW joint was investigated. Based on the present study, the following conclusions can be drawn.
(1) The temperature field in cross section of Ti-6Al-4V titanium alloy welding joint presents a "bowl" shape. The temperature results by simulation agree with that by experiment. (2) The temperature gradient exists along the thickness direction of joint due to the lower thermal conductivity coefficient. Under constant welding speed, increasing rotational velocity enlarges the temperature gradient. (3) Decreasing rotational velocity is beneficial to avoid the tunnel defect in SZ. Using rotational velocity of 120 rpm, the defect-free joint is attained.
